State of the art soft x-ray spectroscopy techniques like Resonant Inelastic X-ray Scattering (RIXS) require diffraction gratings which can provide extremely high spectral resolution of 10 5 -10
INTRODUCTION
Development of high resolution diffraction gratings for the EUV and soft x-ray energy ranges is one of the major challenges for modern astronomy 1,2 as well as for precision spectroscopy being carrying out at synchrotron facilities around the world. 3, 4 A relatively new and extremely exciting development of high resolution soft x-ray spectroscopy is a method of Resonant Inelastic X-ray Scattering (RIXS) that potentially allows to directly measure the energies of the soft excitations of correlated electronic systems such as high T c superconductors (for review, see Refs. [5] [6] [7] and references therein). However, in order to realize the potential of the method, a dedicated spectrometer must achieve energy resolution of ~10 meV in the 100-eV to 5-keV photon energy range 4 that corresponds to resolving powers up to 100 times that achieved now.
There are two principle ways to achieve ultra-high spectral resolution in the soft X-ray wavelength range. One way is to use high order diffraction with a grating with reasonably low groove density, while another one is to use the first order diffraction of a grating with an ultra-high density of grooves. A conventional grating, if it is used for high order x-ray diffraction, would provide very low diffraction efficiency, because for all normal reflecting materials, the scattering angle would need to be bigger than the critical angle of the material. The effective critical angle can be significantly increased with a multilayer (ML) coating. 8, 9 In this case, the Bragg equation for the multilayer and the high order diffraction equation for the surface grating have to be simultaneously fulfilled. By choosing the appropriate set of multilayer and grating period parameters, it becomes possible to maximize diffraction efficiency for a selected high order. The lamellar ML grating, [10] [11] [12] blazed ML grating, [14] [15] [16] [17] and sliced ML grating 18, 19 are the examples of such a grating. The best result that has been demonstrated with a grating with a multilayer reflecting coating 17 was obtained with a grating with an echellette 20 substrate.
A number of methods have been developed to fabricate an echellette grating. For example, a method discussed in Ref. 1 uses an argon and oxygen mixed-gas ion beam to directly etch the grating substrate through a rectangular profile photoresist grating mask. A holographic ion-etched spherical blazed grating and three of its fourth-generation replicas are described in Refs. 2 A limiting factor of the methods is a significant roughness of the echellette facets that leads to degradation of grating efficiency due to growing perturbation of the interlayer boundaries. Higher surface quality of the echellette facets has been obtained with anisotropic etching of an asymmetrically cut Si {111} crystal. The method was first used in Ref. 21 and brought to the state of the art level in work at MIT, 16, 22 where the saw-like groove density of ~5000 lines per millimeter has been achieved.
Aiming for a resolving power in first order diffraction order of 10 6 in a reasonably compact x-ray spectrometer assumes the need for 10 6 grating grooves with extremely high line density, ~50,000 l/mm. For high energy x-ray applications, there is a unique opportunity to use an asymmetrically cut crystal as a ultra-high density grating. [23] [24] [25] Unfortunately, it is difficult, if not impossible, to find a crystal with the large enough lattice constant, which is for soft x-ray applications. 26 A grating with very small period, suitable for EUV wavelength range, has been fabricated by slicing and polishing the MoSi 2 /Si multilayer structure at 10º angle to the plane of the multilayer. 18, 19 This reveals the periodic bilayer structure with the period determined by the values of the multilayer period and slice angle. The grating equation and Bragg condition are fulfilled simultaneously, so the highest diffraction efficiency of the grating is achieved in first order, while the Bragg condition for the first order reflection from the ML structure is satisfied. In spite of the fact that a high dispersive power of the grating fabricated this way was experimentally demonstrated, 18, 19 the total resolution that is the number of bilayers is difficult to exceed 10 3 due to limitations of the deposition technique (see analysis in Ref. 27 ).
At the ALS Experimental Systems Group (ESG) in fiscal year 2007, an LDRD (Laboratory Directed Research and Development) project to establish and demonstrate the technology required for ultra-high resolution RIXS with soft xrays has been started. In the scope of the project, a technique to fabricate a required high-density grating based on cutting at an oblique angle a small period multilayer mirror deposited on an echellette substrate has been suggested. 27 Fabrication of such a grating for ultra-high resolution spectroscopy with soft x-rays is a challenging problem itself.
In this article, we present an overview of recent efforts on fabrication and characterization of a high density sliced Sc/Si multilayer grating that is a proof of principle realization of the fabrication method suggested in Ref. 27 With groove density of ~3700 lines per mm, the grating prototype is suitable for EUV applications. Although the groove density is smaller than that required for ultra-high resolution spectroscopy with soft x-rays, the prototype grating is rather convenient for characterization with a number of techniques, including scanning probe, electron, and interferometric microscopy. This allows checking the consistency of the approaches proposed, as well as optimizing the grating fabrication technology.
The structure of the article is as follows. In the next section, we discuss the essential elements of fabrication of a sliced multilayer grating with an echellette substrate. In Sec. 3, the results of diffraction measurements with the EUV grating prototype with sliced Sc/Si multilayer are presented. The measurements were performed at the ALS beam line 6.3.2. Directions for further investigations are outlined in the Conclusion. Figure 1 illustrates the sequential processes to fabricate a high density multilayer sliced grating. The fabrication includes three major steps depicted in Fig. 1 . First (Fig. 1a) , a relatively low resolution saw-tooth-shaped grating (echellette) is created. Currently in this step, we use anisotropic etching of an asymmetrically cut Si {111} crystal. Second (Fig. 1b) , a high reflectivity multilayer, optimized for a certain photon energy range, is deposited on the echellette. For the grating prototype described throughout the present work, Sc/Si multilayers of total number of 40 bilayers (overall multilayer thickness was about 1 µm) were deposited onto a 10-µm-period 6-degree-blaze-angle echellette using a dc-magnetron sputtering technique. At the same time and conditions, a flat silicon witness was also coated. The witness was to be used for a control measurement of the multilayer reflectivity. And third (Fig. 1c) , the multilayer coating is sliced at a small angle by a chemically/mechanically polishing. The peculiarities of the involved processes are discussed below.
FABRICATION OF SLICED MULTILAYER GRATINGS

Design conception: three steps of grating fabrication
Anisotropic etching of Si wafer
The process of anisotropic etching of a Si {111} crystal with an aqueous solution of potassium hydroxide, KOH, was optimized in order to fabricate a high quality echellette grating with relatively low groove density. The parameters (grating period of 10 µm and blaze angle of 6 degrees) of the grating used for the optimization experiments were chosen from the point of view of convenience of characterization of the etched surfaces and structures with the available instruments: a scanning electron microscope (SEM), a scanning probe microscope (SPM), and an interferometric microscope. We use {111} Si wafers with 6 degree inclination of the surface plane from the {111} crystal plane towards either direction 2 1 1 , or direction 2 11 as the material for echellette fabrication. Wafers made of float zone (FZ) Si crystals and crystals grown by the Czochralski process (CZ) were used. Before etching in KOH, a low stress silicon nitride layer was first deposited onto the wafer. Then a grating pattern was printed on the nitride by contact lithography and reactive ion etching. After KOH etching (Figs. 3a and 3b), the facet surface consists of atomically smooth {111} terraces, atomic steps, and pits on terraces. Such morphology is characteristic for the step-flow mechanism of KOH anisotropic etching. [28] [29] [30] The facet surface roughness measured over 1×1 µm 2 area was achieved to be ~2.6 Å (rms). The value of the roughness is determined by anisotropy of site specific etch rates for terraces (i. e. probability of removal of a silicon atom out of a {111} plane) and steps (i. e. probability of removal of an atom from a step). The achieved facet roughness of 2.6 Å (rms) is larger than that of a polished wafer used (~1 Å), but significantly smaller than the roughness of ~5.6 Å obtained for an echellette grating fabricated with holographic ion-etching. In the course of the SPM measurements shown, the echellette grooves were oriented horizontally with the deeper side at the bottom of the images.
One of the straightforward ways to improve smoothness of the grating facets is to use an etchant with a higher anisotropy of etching of steps and terraces. For this purpose, we have used ammonium fluoride that is known to have a significantly higher anisotropy of etching of Si than KOH. After the KOH etching, an additional etching in ammonium fluoride for 20 min at room temperature allowed us to improve the facet surface roughness to ~1.1 Å (rms) - Fig. 3c . Note, that the etching in NH 4 F is not yet optimized. We are working on the optimization.
After NH 4 F etching, the facet surface morphology (Fig. 3c) is noticeably modified and looks now as a set of extended atomically smooth terraces with steps of the same sign, regularly distributed across a facet. As a result the facet surface deviates from the {111} crystal plane. The deviation can be an inherent property of the anisotropic etching of an asymmetrically cut Si crystal. In this case, there is a difference in time of exposition with the etchant for the upper and the bottom parts of a facet. As a result, a new step can appear on a terrace plane formed on the upper part of a facet, when the bottom part of the same plane still remains buried. Such a step will propagate down to the bottom part of the facet. In this model, the value of the deviation is inversely proportional to the anisotropy of etching and stays constant (with a constant declination angle) along the facet.
However, in Fig. 3c , the atomic steps are distributed non-uniformly (step density higher on the bottom part of a facet) suggesting that anisotropy of the etching significantly varies along a facet. The non-uniformity leads to a curved facet that is clearly seen in Fig. 4 , where a profile of an echellette groove is shown. The concave shape of the facets is consistent with assumption of an autocatalytic nature of etching chemical reactions, 28 which can also explain the variation across a facet, the anisotropy of etching mentioned above. Note, that the 30-min long NH 4 F etching applied so far is probably too short in order to significantly effect the overall shape of the grating facets. 'I
We have observed that the average density of the steps decreases and distribution of the steps becomes more uniform with increased etching time. Accordingly, the facet curvature is also decreased. However, longer etching leads to other severe defects on the facet surface. These are the micron-scaled conical pits - Fig. 5 . Diameter of the pits can be 10-20 µm with a depth of tens of nanometers. The slope angle of the generating lines of the pit cones was measured to be within a narrow range between 0.5 and 1 degrees, depending on etching parameters. Nucleation of pits is usually ascribed to a high oxygen content in a CZ wafer. 29, 30 We have etched at the same conditions (20% KOH at ~23K with a magnetic bar steering) the CZ and FZ wafers with the specified concentration of oxygen of 20 ppm and <1 ppm, respectively. In spite of the fact that the resulting surface quality for the FZ wafer was better, we cannot reliably conclude that in our case oxygen contamination in the initial material is a dominating factor for pit formation. Note, that the wafers also differed in the direction of the 6 degree inclination.
Among other possible reasons for pit formation, contamination of Si surface with some particles (O 2 , metal atoms, solid reaction products, etc.) in the course of etching is most probable. Figure 6 provides a clue to a presence of a particle in the centre of a pit seen in the amplitude signal image obtained with the SPM. There is an obvious discontinuity at the pit's center. It can be a manifestation of a foreign particle. Unfortunately, a measurement, such as one in Fig. 6 , does not allow us to reliably conclude anything about the physical meaning of the observation. But in any case, we found the situation shown in Fig. 6 , where there is an obvious perturbation in the center of a pit, to be rather typical. The perturbation is probably responsible for a local, near the pit center, decrease of etching anisotropy. The decrease of etching anisotropy manifests itself via a roll off of the pit cone generating lines observed in pit cross-section near the pit center; see Fig. 5 . Due to the perturbation, the probability for formation of a new step on the lower terraces of a pit is higher at the pit center; whereas for the rest of the pit, the etching anisotropy is constant and can be numerically characterized via an asymptotic slope of the generating lines.
The assumption about a relation between shape of a pit and etching anisotropy can be modeled in a simple way illustrated in Fig. 7 . In Fig. 7 , the line 1 is a measured surface profile of a facet (compare with Fig. 3a) . On the profile, one can sight multiple terraces that involve only four {111} atomic planes. The line 2 is an approximation of the profile shown with the line 1, but now the terraces and steps have an ideally flat shape. The 1-µm long trace 2 consists of total 25 atomic steps that include 12 upward and 13 downward steps. The averaged width of a terrace is ~40 nm. This value is used for transformation of the line 2 to the line 3. Finally, using an assumption about a larger probability of pit formation at the center (but ignoring a change of the etching anisotropy), the steps of the opposite directions are separated, reproducing a shape of a pit etched at the same conditions. The corresponding slope angle found to be about 0.5 degrees is in a good agreement with the facet declination angle in respect to the {111} plane that, we think, also relates to the value of anisotropy of KOH etching.
Note that pit nucleus with an ideal shape, as one shown in Fig. 7 with the line 4, become stable and cannot be removed with continuing of etching. It relates to an observation [30] that probability of pit formation on a surface near parallel to a {111} plane has a strong dependence on the delineation angle. At a surface declination angle larger than the angle characteristic for the slope of the tip generating lines, nucleation of a new tip becomes impossible.
Due to the pit stabilization effect, a fluctuation mechanism of pit formation on a {111} plane is also possible. In this case, fluctuation of positions of new steps can lead to the appearance of a pit with a size large enough for triggering of the stabilization effect. Because of longer etching time and smaller declination angle, pits start first to grow in the upper part of the grating facets. Therefore, one of the parameters of the etching process to be optimized is an optimal etching time, short for the pits to start to actively grow up and long enough to provide completed smooth facets.
We have chosen to stop KOH etching as soon as the first pit nuclei appear. This situation is depicted in Fig. 8 , where surface morphology of an echellette grating, fabricated with KOH etching with all other parameters also optimized, is shown. The optimization allowed us to obtain an echellette with the facet surface with a wide bandwidth roughness (measured over an area of 20 × 6 µm 2 area) of ~5 Å (rms). A major contribution to the roughness gives a residual waviness of the grating facets clearly seen in Fig. 8 . We believe that the waviness originates from the defects of the lithographic mask we used, rather than from the KOH etching itself. The waviness remains a serious problem, and we are working to solve it. . Practically, on the scanned area, there is not a self-evident pit. However, there are a few marks (depicted with the circles) of pit nucleation. The residual waviness of a facet gives the major contribution to the value of the wide bandwidth surface roughness that was measured over a 20 µm × 6 µm area to be ~5 Å (rms).
Deposition of Sc/Si multilayer coating on an echellette grating and finishing polishing
In experiments on the deposition of a Sc/Si multilayer coating we have used a number of echellette samples made of CZ and FZ crystals with different directions of the 6 degree inclination. For the prototype grating described below, Sc/Si multilayers of total number of 40 bilayers (the total thickness of the multilayer coating was about 1 µm) were deposited onto a 10-µm-pitch 6-degree-blaze-angle echellette with dc-magnetron sputtering. We used a FZ wafer with 6 degree inclination of the surface plane from the {111} crystal plane towards direction 2 1 1
. At the same time and conditions, a flat silicon witness was also coated. The witness was used for a control measurement of the multilayer reflectivity. Figure 9 shows the SEM images of a cross-section of an echellette grating covered with the Sc/Si multilayer. In the course of multilayer deposition, the nubs of the echellette substrate shadow a significant portion of the facets leading to the formation of cavities in the vicinity of the nubs - Fig. 9b . Nevertheless, a significant part of the facet looks acceptable for diffraction measurements - Fig. 9a . The Sc/Si multilayer coating on the echellette grating was mechanically polished using a number of diamond pastes. In the course of polishing, the coating on the top of the echellette nubs was totally removed - Fig. 10 . This avoids parasitic diffraction from a periodic multilayer mirror structure appearing on the top of nubs after coating. Figure 10 shows a SEM image of the sliced multilayer grating as it looks like after the polishing is completed. The wide black strips in Fig. 10 are the surfaces of the Si nubs cleaned by the polishing. The filled light-gray strips below the Si strips are the polished material of the coating, which was deposited on the steep walls of the nubs that was not shadowed during the deposition. Resolution of the SEM is not enough to resolve the very dense layer structure of the strips. The periodic (with period of 10 µm determined by the echellette substrate) structures of very dense lines in Fig. 10 is the sliced multilayer grating. The period of the sliced grating is about 270 nm that corresponds to the grating groove density of about 3,700 lines per millimeter. There is a noticeable gradual variation of the line periodicity inside a 10 µm step. This is due to the curved shape of the echellette facets discussed in Sec. 2.2. The resulting useful area of the dense line structures is only about 60% of the total surface of the grating. The grating is a first proof of principle prototype fabricated according to the technology proposed. 27 The prototype with such parameters is suitable for EUV applications.
INVESTIGATION OF DIFFRACTION EFFICIENCY OF THE SLICED MULTILAYER GRATING PROTOTYPE
The diffraction measurements with the EUV grating prototype with sliced Sc/Si multilayer were performed at the ALS beam line BL6.3.2. 31, 32 The beam line is equipped with a reflectometer capable of independently varying the angle of incidence on the sample (θ s = 90-α) and the detector angle (θ d = 180−α−β) - Fig. 11 . High accuracy reflectivity and diffraction measurements are possible at wavelengths up to 50 nm. First, the witness sample coated with the same multilayer as the prototype grating was investigated. Figure 12 shows the small angle reflectivity of the Sc/Si multilayer witness deposited on a flat Si substrate. The θ-2θ scan 31 of the detector was performed at the photon wavelength of 0.154 nm (Cu kα1 edge). The high quality of the periodic multilayer stack is manifested with a set of well resolved diffraction peaks extending to the diffraction angles of 7 degrees. The parameters of the multilayer coating found by fitting of the experimentally measured diffractogram in Fig. 12 with a model consisting of four layers, Sc/ScSi/Si/ScSi, including two interlayer of silicide, are listed in Table 1 . The normal incidence reflectivity of the witness was measured to be 44% at the photon wavelength of 46.5 nm - Fig. 13 . 
Reflectivity of the Sc/Si multilayer
Diffraction efficiency of the sliced Sc/Si multilayer grating prototype
The diffraction efficiency measurements with the sliced Sc/Si multilayer prototype were also performed at the ALS beam line 6.3.2 - Fig. 11 . In the course of the measurements, the photon wavelength was varied in the range of 43-47 nm near the position of the reflectance maximum for the multilayer mirror in Fig. 13 . The incidence angle of the photon beam was adjusted to 10 degrees and was held constant; while the angle of diffraction was scanned by translating the detector. Figure 14 presents the diffraction profiles for the grating prototype measured at different photon energies. For each profile, there are several peaks which correspond to the high order diffraction induced by the 10-µm periodicity of lines of the sliced grating prototype. The angular width 0.12º of a diffraction peak is defined by the detector slit size of ~500 µm.
For the photon wavelength of 45 nm (Fig. 14a) , an absolute efficiency of diffraction in the -38th order is ~7%. The total efficiency of the prototype evaluated by summing over all observed orders is about ~14.7%. After correction for the effective (working) surface of the grating (excluding the surfaces of the nubs), the total efficiency of the contributing surface becomes 24.5%. This is about 55% of the maximum reflectivity of the multilayer coating itself for a photon wavelength of 45 nm - Fig. 13 . The dispersive power of the prototype grating is demonstrated with Fig. 14b via the shifted diffraction profiles measured at the photon wavelengths of 44, 45, and 46 nm.
The measurements in Fig. 14 indicate that the Sc/Si multilayer sliced grating prototype diffracts into multiple orders rather than diffracts to solely one (first) diffraction order, as one should expect for an ideal sliced multilayer grating. This behavior of the prototype relates to the residual 10 µm periodicity of the grating structure. The silicon nubs and the atnubs wide strips of the coating material as well as the gradient of periodicity of the sliced multilayer lines (Fig. 10) , all have the 10 µm period determined by the echellette substrate.
The gradient of periodicity of the sliced multilayer lines is probably the main reason for the approximately equal absolute diffraction efficiency for the 37th and 38th orders (Fig. 14) . Indeed, due to the gradient of periodicity of the lines (curvature of the facets and, correspondingly, the multilayer), the blaze condition of the multilayer is satisfied for both these orders.
CONCLUSION
We have presented proof of principle results of development of a principally new method for fabrication of super dense diffraction gratings for EUV and soft x-ray applications. The peculiarities of the processes used for fabrication of a first prototype of sliced multilayer gratings optimized for photon wavelength of 45 nm have been described. We have also discussed the results of measurement of diffraction efficiency of the prototype grating. The grating has demonstrated an absolute efficiency of diffraction to the main order (that is the -38th order for the 10 µm echellette period) of ~7%. The total efficiency (evaluated by summing over all observed orders and with correction for the effective surface of the grating, excluding the surface of the nubs), is about 55% of the maximum reflectivity of the Sc/Si multilayer coating applied.
In spite of the fact that the prototype grating has already demonstrated rather high performance, it is far from an ideal sliced multilayer grating, which would be expected to diffract solely in the first order determined by a period of the sliced multilayer lines. The diffraction to multiple orders observed in the experiments with the prototype is due to residual 10 µm periodicity of the grating structure. The major distortion factor is the gradient of periodicity of the sliced multilayer lines inside one echellette groove that also repeats with the 10-µm period of the echellette substrate. The gradient of periodicity of the lines is due to the curvature of the echellette facets. We expect that the facet profile can be significantly improved by using an echellette with a smaller period and by using an etchant with a higher anisotropy of etching.
We also believe that the quality of the grating would be improve by suppression of the shadowing effect e.g., with a multilayer coating technique using a collimated ion-beam. The overall efficiency of the grating can be increased almost by a factor of two by removal of the echellette nubs e.g., with the lift-off technology described in Ref. 22 
